ABSTRACT A study was conducted to evaluate Gly requirements in low-CP diets with different levels of digestible (dig) Thr, and their effects on performance, intestinal mucosal development, and nutrient utilization of broiler chickens from 21 to 35 d age. A total of 240 twenty-one-day-old Cobb-Vantress male broiler chickens were distributed in a completely randomized 4 × 2 factorial arrangement for a total of 8 treatments with 5 replicates of 6 birds each. The treatments consisted of 4 levels of Gly+Ser (1.47, 1.57, 1.67, or 1.77%) and 2 levels of dig Thr (0.70 or 0.77%, corresponding to 100 or 110% of Thr requirements, respectively). Common diets were fed to broilers until 20 d of age. At d 35, an interaction (P ≤ 0.01) was observed between the Gly+Ser and dig Thr levels for G:F. Glycine supplementation resulted in a linear increase (P < 0.05) in BW gain, G:F, intestinal mucin secretion, apparent digestibility of fat, and AME values of the experimental diets. Threonine levels greater than the levels required (0.77%) improved (P < 0.05) G:F and increased (P < 0.05) intestinal mucin secretion. However, intestinal morphometry and the number of goblet cells in the duodenum, jejunum, and ileum were not affected by the treatments. The dietary Gly+Ser level necessary to optimize G:F in low-CP diets containing 0.77% Thr for broiler chickens during growth was estimated to be 1.54%; however, this requirement may be greater than 1.77% in diets with 0.70% Thr. Supplemental Gly may be essential to support maximum performance for broiler chickens from 21 to 35 d of age when they are fed diets based exclusively on vegetable ingredients and with low protein levels. Glycine can directly or indirectly influence the proper function of the intestinal mucosa and improve dietary energy utilization.
INTRODUCTION
In the poultry industry, it is well known that the use of low-CP diets with correct AA supplementation is an effective method to reduce nitrogen excretion and ammonia emissions in poultry production (Aletor et al., 2000; Roberts et al., 2007) . However, supplementation of low-CP diets with AA may result in reduced bird performance relative to birds fed standard diets, even though essential AA levels are maintained between diets (Dean et al., 2006; Namroud et al., 2008) . This reduction in performance may be due to the underestimation of the Gly+Ser requirements because dietary Gly+Ser needed for maximum performance could be higher in broilers fed a low-CP diet than those fed protein-rich diets (Waterhouse and Scott, 1961; Dean et al., 2006) . When the CP is reduced, Gly+Ser levels decrease drastically. Therefore, it is possible that marginal levels of dietary Gly+Ser are the reason for the decrease in performance of broilers when dietary CP is decreased by more than 3%. Glycine supplementation was shown to induce the complete recovery of bird performance during the starter phase when these birds were fed a low-CP diet (Corzo et al., 2004; Dean et al., 2006; Ospina-Rojas et al., 2012) ; however, the same was not corroborated in birds during growth (21-35 d) .
Glycine is considered a limiting AA for broiler chickens during the starter phase, and for this reason, the Gly requirement has been determined specifically for birds at this stage. However, the Gly requirement during the grower phase has seldom been studied; this is a period during which Gly supplementation could be essential to maximize performance of birds fed low-CP diets formulated exclusively with vegetable ingredients.
Glycine has a relatively low ileal digestibility, which is partly due to its high concentration in endogenous secretions (Huang et al., 1999) . Glycine is a major component of bile salts, constituting approximately 90% of the total bile AA (Souffrant, 1991) , and the Gly contained in these secretions is not reused by the birds (Heger, 2003) .
Although birds endogenously synthesize Gly, 40% of the total requirement of this AA must be provided in the diet (Graber and Baker, 1973) because the synthesis of Gly may not be sufficient to meet high endogenous losses, specific requirements for protein deposition, and needs related to other metabolic processes.
Recently, it was reported that Gly supplementation increases lipid digestibility in the diet of laying hens (Han and Thacker, 2011) due to a possible emulsifier effect associated with the role of Gly in the synthesis of bile salts, thus favoring the action of pancreatic enzymes on fat and its absorption by the intestinal brush border. Therefore, dietary Gly supplementation may improve the digestibility of dietary fat and increase the AME content in broiler diets. However, this role of Gly has been little studied in broiler chickens.
There are several metabolic pathways that promote the biosynthesis of Gly. Serine is precursor of Gly by the loss of the β-carbon atom of its side-chain, and the Gly is converted into Ser by the addition of a 1-carbon unit (Wixom et al., 1955) . Thus, the nutritional interrelationship of Ser and Gly makes it necessary to consider the dietary requirements of these amino acids jointly. Threonine supplementation at levels greater than required may reduce the requirement for dietary Gly+Ser (Baker and Sugahara, 1970; Ospina-Rojas et al., 2013) . However, D'Mello (1973) and Waldroup et al. (2005) did not find any interaction between Gly and Thr. It is possible that Thr supplementation represents a sparing effect of Gly, especially at marginal levels of dietary Gly and Ser, which could be found in low-CP diets formulated exclusively on vegetable ingredients. On the other hand, Gly supplementation reduces the degradation of Thr to Gly by decreasing the activity of the enzymes Thr aldolase and Thr dehydrogenase in the livers of birds (Bernardino et al., 2011) ; therefore, Gly supplementation increases the amount of Thr available for the physiological processes of maintenance and growth.
Threonine influences proper development and function of the intestines of chickens because it is the main AA in intestinal mucin (Faure et al., 2005) . This glycoprotein plays a crucial role in maintaining the intestine and protecting it from chyme acidity, digestive enzymes, and pathogens (Horn et al., 2009) . Furthermore, mucin plays a role in filtering nutrients in the gastrointestinal tract, thereby affecting the digestion and absorption of nutrients (Smirnov et al., 2006) . It is possible that Gly supplementation could indirectly influence mucin production by preventing Thr catabolism into Gly, or directly by serving as a substrate for the protein backbone of mucin because the central domain of mucin is Gly-rich (Moghaddam et al., 2011) .
Based on this information, the objective of the present study was to evaluate Gly requirements in low-CP diets with different levels of digestible (dig) Thr, and their effects on supplementation on the performance, intestinal mucosal development, and nutrient utilization with low CP and different levels of dig Thr of broiler chickens from 21 to 35 d posthatch.
MATERIALS AND METHODS

Experimental Facility and Bird Husbandry
The chickens were raised under standard husbandry conditions, and all in vivo work was conducted under the supervision of the Institutional Animal Care and Use Committee and according to the experimental protocol involving live birds (Universidade Estadual de Maringá-CEEA/UEM-No. 1209/2013). One-dayold Cobb-Vantress male broilers were obtained from a commercial hatchery after being vaccinated against Marek's disease, Newcastle disease, and infectious bronchitis. Chicks were distributed across 8 floor pens (30 birds/pen), and each floor pen (0.13 m 2 /bird) had fresh wood shavings and was equipped with 1 tube feeder and 3 nipple drinkers. Temperature was maintained at 32°C at placement and was gradually reduced to ensure comfort by using a thermostatically controlled heater, fans, and foggers. The lighting program throughout the study consisted of 23L:1D. Feed and water were available to the birds ad libitum. On d 17, birds were randomly placed into 40 grower battery cages (6 birds/ cage) with raised wire floors (0.08 m 2 /bird), and each battery cage was fitted with an adjustable trough feeder and drinker. The cages were placed in an environmentally controlled room, and the temperature was controlled daily at 23°C.
Experimental Design and Diets
A common corn and soybean meal-based diet was fed up to 20 d of age and formulated to satisfy all nutrient recommendations . Birds were assigned 1 of 8 dietary treatments (5 replications/ treatment) from 21 to 35 d of age with varying concentrations of total Gly+Ser and dig Thr. A factorial arrangement of treatments consisted of 4 levels of total Gly+Ser (1.47, 1.57, 1.67, or 1.77%) and 2 levels of dig Thr (0.70 or 0.77%, corresponding to 100 and 110% of Thr requirements, respectively). The basal diet with reduced protein content was formulated based on corn and soybean meal according to the nutritional recommendations for male broiler chickens, as proposed by Rostagno et al. (2011) , except for total Gly+Ser and dig Thr (Table 1) . The other experimental diets were obtained by supplementing the basal diet with Gly and l-Thr as replacements for the inert filler, kaolin. Amino acid (AA) analyses (method 994.12) and CP composition (method 968.06) were performed for corn and soybean meal before feed formulation and on samples of experimental diets, according to AOAC International (2006) procedures. Digestible AA values for corn and soybean meal were calculated by using digestibility coefficients and analyzed total AA composition. The dietary Gly+Ser was formulated on a total basis because Gly is a component of uric acid molecule, which makes Gly digestibility coefficients imprecise (Corzo, 2012) .
Growth Performance
Growth was measured for the period d 21 to 35 posthatch. Chickens and feed were weighed at 21, 28, and 35 d of age to evaluate the feed intake, BW gain, and G:F. Broiler mortality was recorded twice daily, and the weight of dead birds was used to correct G:F.
Chemical Analysis
During the last 5 d of the experimental period, the collection of total excreta was performed twice daily at 12-h intervals to prevent fermentation and nutrient loss. To mark the start and end of the collection period, 1% ferric oxide was added to the experimental diets as an indicator during the first and last day of collection. Excreta samples were collected in plastic-lined trays, and residues of feathers, skin, and feed were removed, and excreta samples were stored in plastic bags and immediately placed in a freezer at −20°C. The excreta obtained over 5 consecutive collection days was thawed at 4°C and homogenized by cage and subsequently lyophilized (Christ Alpha 1-4 LD plus, Osterode am Harz, Germany), and ground through a 1-mm plate and then used to determine the apparent nutrient digestibility, as well as the AME values of the diets, and crude mucin content in the excreta. The DM, CP, and ether extract were determined in the diets and excreta according to the procedures described by the AOAC International (2006). The gross energy was determined using an adiabatic bomb calorimeter (model 6200, Parr Instrument Co., Moline, IL). After the amounts of ingested and excreted nutrients were determined, the apparent digestibility coefficients of nutrients in the experimental diets were calculated by the formula of Matterson et al. (1965) :
The AME values of the diets were estimated by the difference between the gross energy of the feed consumed and the gross energy of the feed excreted relative to the DM intake, as described by Matterson et al. (1965) .
The crude mucin content in the excreta was determined according to the method described by Lien et al. (1997) and modified by Horn et al. (2009) . A total of 3 g of freeze-dried excreta was placed into a 50-mL plastic tube with 20 mL of cold 0.15 M NaCl solution (0.15 M NaCl and 0.02 M NaNH 3 , kept at 4°C) and then homogenized for 30 s. Subsequently, the mixture was centrifuged at 12,000 × g for 20 min at 4°C. The soluble supernatant was decanted into a preweighed 50-mL tube to which 15 mL of cold (4°C) absolute ethanol was added for mucin protein extraction. The mixture was extracted overnight at −20°C and centrifuged at 1,400 × g for 10 min at 4°C to obtain the mucin pellet. Then, 10 mL of cold NaCl solution (0.15 M NaCl and 0.02 M NaNH 3 ; 4°C) and 15 mL of cold absolute ethanol were added to wash the mucin pellet. Again, the sample was extracted overnight at −20°C and then centrifuged at 1,400 × g for 10 min at 4°C. The mucin pellet was consecutively washed until a completely clear supernatant was obtained. Finally, the clear supernatant was removed by suction and the resulting pellet was weighed to determine the crude mucin yield. 
Intestinal Sample Collection
At 35 d old, 2 birds were selected by weight according to the replicate cage mean, and slaughtered by electrical stunning and exsanguinations. Approximately 3 cm from the length of each segment of the small intestine were collected: duodenum (from the pylorus to the distal duodenal loop); jejunum (from the distal duodenal loop to Meckel's diverticulum); and ileum (starting from Meckel's diverticulum to the ileocecal junction). After collection, the samples were washed in saline solution and fixed in 10% buffered formalin. The samples were then dehydrated in a series of increasing alcohol concentrations, diaphanized in xylene, and embedded in paraffin (Luna, 1968) .
Intestinal Morphometry and Goblet Cell Count
Semi-serial 5-µm-thick cross-sections were prepared, and the sections were stained with hematoxylin-eosin for morphometry and with Alcian Blue and periodic acid-Schiff reagent for the counting of goblet cells (Luna, 1968) . Images were captured using a light microscope (Olympus BX 40, Artisan Scientific Corporation, Champaign, IL), and the images were measured using a computerized image analyzer (Image-ProPlus 4.1, Media Cybernetics, Silver Spring, MD). A total of 20 villus cell measurements (mm) and 20 crypt depths (mm) were performed per segment/bird (2 birds/replicate). Measurements of the villus height were taken from the basal region, which coincides with the upper portion of the crypts to the apex, and the crypts were measured from the base to the crypt:villus transition region. The number of goblet cells in the intestinal segments was determined from the number of goblet cells in 5 villi per segment/bird (2 birds/replicate). The means of 2 birds were used to obtain the values of intestinal morphometry and the number of goblet cells per replicate cage.
Statistical Analysis
Cage means were used as the experimental unit for all analyses. All data were analyzed by the GLM procedure of SAS Institute (2009). When significant, the interactions were separated using a study of each effect within the other effects and were compared using a regression analysis. When quadratic responses (P < 0.05) were detected, the optimal Gly+Ser level was calculated by taking the first derivative of the quadratic equation, as
where X = Gly+Ser levels, and b and c = a linear or quadratic regression coefficient.Recommended Gly+Ser needs were established by estimating 95% of the minimum or maximum responses. Differences among Thr levels were analyzed by t-test means comparison using the least squares means procedure of SAS Institute (2009). Percentage data for mortality were transformed to arcsine square-root percentage for analysis. Statistical significance was established at P < 0.05.
RESULTS AND DISCUSSION
Analyzed values of CP and total AA of experimental diets were in close agreement with calculated values (Table 1) . Mortality rate of the birds was low (1.7%) during the experimental period and was unaffected by dietary treatments.
At 35 d of age, an interaction (P ≤ 0.01) was observed between the Gly+Ser and dig Thr levels for G:F ( Table 2 ). The BW gain (y = 980.0 ± 56.07 + 88.93 ± 34.53 Gly+Ser; R 2 = 0.87) and G:F (y = 436.6 ± 34.52 + 74.07 ± 21.25 Gly+Ser; R 2 = 0.90) improved linearly (P < 0.05) with increased dietary Gly+Ser levels. Although Gly is considered an essential AA, especially for broiler chickens during the starter phase, Gly supplementation resulted in positive responses with respect to broiler performance during the grower phase (21-35 d); therefore, the addition of Gly may also be essential for broiler chickens from 21 to 35 d of age when they are fed diets based exclusively on vegetable ingredients and with low protein levels.
For diets with 0.70% Thr, a linear effect (P ≤ 0.01) of the Gly+Ser level was observed on G:F (y = 317.8 ± 39.18 + 144.8 ± 24.13 Gly+Ser; R 2 = 0.97), as this variable improved with increased levels of dietary Gly+Ser. This linear response of G:F, which did not show evidence of a plateau, suggests that the requirement of dietary Gly+Ser could be higher than the maximum level studied (1.77% dig Gly+Ser) for broilers during the grower phase fed diets with low CP and meeting the required Thr levels (0.70%). However, in diets with 0.77% Thr, there was a quadratic effect (P < 0.05) of Gly+Ser levels on G:F (y = 2245 ± 433.61 -2,093 ± 537.27 Gly+Ser + 647.1 ± 165.75 Gly+Ser 2 ; R 2 = 0.89) with an optimization point of 1.54% Gly+Ser for this variable.
The results obtained for G:F in diets with adequate and high Thr levels suggest that Thr supplementation at levels greater than the requirement (0.77%) reduce the requirement for dietary Gly+Ser (1.54%), thus confirming the results of other studies (Baker and Sugahara, 1970; Ospina-Rojas et al., 2013) . It is known that the enzymes Thr aldolase and Thr dehydrogenase catabolize excess Thr into Gly, conserving the energy used in the synthesis of endogenous Gly (9 ATP/mol) and thus increasing the amount of energy available for optimal growth.
The Thr levels influenced the G:F, as this variable was better in birds that received high Thr levels (0.77%) compared with birds fed the required Thr levels (0.70%). Thus, the Thr requirement could be higher in low-CP diets, which require the supplementation of several commercially available AA. Rangel-Lugo et al. (1994) reported that raising the AA content of the diet increased the Thr requirement expressed as the Thr concentration in the diet. Likewise, Robbins (1987) found that the Thr requirement decreased as the protein concentration of the diet increased.
Although it is not known whether Gly has a direct effect on the intestinal mucosa, increasing levels of Gly+Ser resulted in a positive linear effect (P < 0.05) on the intestinal mucin secretion (y = 467.11 ± 44.25 + 84.47 ± 27.25 Gly+Ser; R 2 = 0.78; Table 3 ). The AA Thr and Ser are found in high concentrations in the peptide backbone of mucin (Lien et al., 1997) . It is possible that Gly supplementation indirectly improves the integrity of the gastrointestinal tract by preventing Thr degradation and minimizing the endogenous conversion of Ser to Gly, thus increasing the availability of these AA for intestinal mucosa maintenance. The hydroxyl groups of Thr and Ser are needed to provide sites for the binding of oligosaccharide chains to the protein backbone of mucin (Montagne et al., 2004) . On the other hand, Gly could directly improve the synthesis of mucin because the central domain of mucin is Gly-rich (Moghaddam et al., 2011) ; therefore, Gly supplementation may be essential for the resynthesis of mucin, which is constantly lost in the intestine due to mucosa turnover.
Intestinal mucin secretion increased (P < 0.05) for diets high in Thr; however, the numbers of goblet cells in the different segments of the intestine were not affected by Gly+Ser or Thr levels. Therefore, these AA could serve only as a substrate for mucin synthesis and exert little influence on the expression of the number of goblet cells. This concept is supported by several studies that reported increased secretion of crude mucin after AA supplementation, without changes in the density or the number of goblet cells in the intestine (Hamard et al., 2007; Horn et al., 2009 ). The increase in mucin synthesis may increase the mucus layer and nutrient utilization (Faure et al., 2005) and protect the integrity of the intestinal epithelium (Mao et al., 2011) . However, although Gly+Ser and Thr levels increase intestinal mucin secretion, the intestinal villus height was not affected by the experimental diets (Table 4) . Some researchers have reported a negative effect of Thr deficiency on intestinal villus height (Hamard et al., 2007; Law et al., 2007; Chee et al., 2010) , indicating that adequate dietary levels of Thr are critical for maintaining the intestinal structure. Chee et al. (2010) found that birds fed on low-Thr diets had shorter villi and lower villus-to-crypt ratio than those receiving Thr-adequate diets, but the morphometry of the intestinal epithelium did not differ from birds fed the adequate-and excess-Thr diets. These results were in accordance with our data and support the hypothesis that when Thr requirements are adequately met via diet in healthy birds, Thr levels greater than required do not affect small intestinal morphology.
Marginal interactions (P < 0.07) were observed for crypt depth in different intestinal segments with dietary Gly+Ser and Thr levels. When these interactions were separated, quadratic effects (P < 0.05) of Gly+Ser levels were found on crypt depth in the duodenum (y = −481.79 ± 195.56 + 817.5 ± 306.34 Gly+Ser − 262.5 ± 105.78 Gly+Ser2; R 2 = 0.89) and jejunum (y = −1,698.17 ± 613.24 + 2,282.0 ± 759.82 Gly+Ser − 712.5 ± 234.42 Gly+Ser2; R 2 = 0.97) in diets with 0.77% Thr, wherein the deeper crypts were estimated at 1.48 and 1.52% Gly+Ser in the duodenum and jejunum, respectively. It is known that crypt development is essential to increase cell renewal rate and maturation in the gut (Geyra et al., 2001) . The increase in crypt depth of chicken supplemented with Gly and Thr might provide more surface area for nutrient absorption by increasing enterocyte proliferation and intestinal mucin secretion because mucin-producing goblet cells are present mainly in the crypts (Tsirtsikos et al., 2012) . Fat digestibility and AME content of the diet increased linearly (P < 0.05) with increasing levels of dietary Gly+Ser, whereas the DM and protein digestibility was not affected by the experimental diets (Ta- ble 5). Glycine is the major constituent of bile salts (glycocholic acid), representing 90% of the total AA secreted in the bile juice (Souffrant, 1991) . The primary bile acids are synthesized from cholesterol in the liver and then conjugated with Gly or taurine by the enzyme bile acid-CoA:amino acid N-acyltransferase in liver peroxisomes, where the synthesis of bile salts is completed (Falany et al., 1994) . Bile salts are essential for the digestion and absorption of fats and liposoluble substances (vitamins). Glycine supplementation may have improved the digestibility of dietary fat by promoting the synthesis of bile salts and consequently increasing the AME content of the diet due to the high energy content of the ether extract. These results are similar to those obtained by previous studies (Alzawqari et al., 2010; Han and Thacker, 2011 ) that found an increase in the digestibility of fat after dietary Gly supplementation. Unlike the growth performance data, high Thr levels did not improve fat digestibility, even though Thr catabolism can lead to formation of Gly. It is possible that the transamination of Thr into Gly might not be totally efficacious in supporting all metabolic needs of Gly.
In the poultry industry, Gly+Ser supplementation has been shown to result in the full recovery of BW gain and feed conversion, both of which were compromised in birds fed low-CP diets (Corzo et al., 2004; Dean et al., 2006; Ospina-Rojas et al., 2012) . However, the commercial price of Gly remains high, which hinders its use as a supplement in the industry. Alternatively, Thr supplementation at levels greater than the requirement could serve as a source of Gly in diets with marginal AA levels, enabling the use of lower protein levels in diets for broiler chickens without affecting animal performance. Therefore, future studies are needed to elucidate the feasibility of implementing this nutritional strategy in the industry because a relevant economic benefit from this strategy must be demonstrated, provided that it does not compromise the productive performance of birds or generate adverse environmental effects. If Gly supplementation is included in diets, the strategy would be to maintain the level of dietary Thr rather than reduce it because the addition of Gly would reduce the use of Thr for other physiological functions, such as the synthesis of gastrointestinal mucin and serum immunoglobulin production, among other functions, which would result in positive responses regarding broiler chicken performance.
In conclusion, the dietary Gly+Ser level necessary to optimize G:F in low-CP diets containing 0.77% Thr for broiler chickens during growth was estimated to be at 1.54%; however, this requirement may be greater than 1.77% in diets with 0.70% Thr. Supplemental Gly may be essential to support maximum performance for broiler chickens from 21 to 35 d of age when they are fed diets based exclusively on vegetable ingredients and with low protein levels. Glycine can directly or indirectly influence the proper function of the intestinal mucosa and improve the utilization of dietary energy. These factors are partly responsible for the fact that Gly supplementation in low-CP diets results in positive responses regarding broiler chicken performance. 
